Surface functionalization *via* molecular self-assembly is a potentially useful technique for tuning the properties of graphene layers.^[@ref1]−[@ref3]^ Previous studies have shown that functionalization *via* tetrafluorotetracyanoquinodimethane (F~4~TCNQ) adsorbates is particularly effective at p-doping graphene^[@ref4]−[@ref7]^ (as well as other substrates^[@ref8]−[@ref13]^) through the transfer of electrons from the substrate to the adsorbed molecules. These studies, however, were performed using spatially averaged techniques and so were not able to determine local molecular self-assembly characteristics. Locally resolved scanning tunneling microscopy (STM) measurements of F~4~TCNQ molecules deposited onto graphene/Ru(0001) also indicate charge transfer of electrons from graphene to F~4~TCNQ and provide some structural information.^[@ref14]^ These measurements reveal that F~4~TCNQ molecules on graphene/metal do not assemble into islands, but rather repel each other due to interaction between their electronegative outer atoms^[@ref14],[@ref15]^ (in contrast to F~4~TCNQ adsorption on bare metal surfaces, which induces significant rearrangement of surface atoms^[@ref16],[@ref17]^). However, because the graphene used in these previous STM measurements was supported by a bulk metal, it created a highly screened environment where long-range Coulomb interactions are damped. The local behavior of charged molecules on a poorly screened graphene surface that supports long-range Coulomb interactions has not been explored.

Here we report a combined STM, noncontact atomic force microscopy (nc-AFM), and theoretical investigation into the self-assembly characteristics of F~4~TCNQ molecules on a graphene substrate supported by insulating hexagonal boron nitride (BN). This provides a nearly ideal setting to study molecular self-assembly on isolated graphene in a poorly screened environment as BN is a wide-band-gap insulator that only weakly interacts with graphene.^[@ref18]−[@ref21]^ We observe that, unlike previous measurements of F~4~TCNQ on graphene supported by metals, F~4~TCNQ molecules on graphene/BN assemble into tightly packed 2D islands. This unexpected result can be explained by a unique self-assembly mechanism that is based on heterogeneous lateral charge transfer driven by local work function differences.

Results and Discussion {#sec2}
======================

F~4~TCNQ molecules ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a) were deposited onto graphene/BN in ultrahigh vacuum (UHV) using a Knudsen cell evaporator. Molecular deposition was performed while electrically grounding the graphene layer at room temperature. The sample was then cooled to 4.5 K and imaged with both STM and nc-AFM using a CO-molecule-functionalized tip. The nc-AFM, which detects the frequency shift of a qPlus resonator in constant height mode, allows high-resolution imaging of individual chemical bonds and atomic-scale structure.^[@ref22],[@ref23]^

![(a) Chemical structure of the F~4~TCNQ molecule. (b) STM topography of F~4~TCNQ molecules deposited onto graphene/BN at low coverage (below 0.1 monolayer). Inset shows close-up view of a single F~4~TCNQ molecule. STM tunneling parameters are *V*~s~ = 2 V, *I*~t~ = 5 pA, and *T* = 4.5 K.](nn-2015-053229_0002){#fig1}

At low molecular coverage (below 0.1 monolayer (ML)), the majority of molecules deposited on graphene are isolated and typically separated from each other by more than 4 nm, as shown in the STM topographic image in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b. This observation is consistent with earlier studies of F~4~TCNQ deposited onto graphene/metal.^[@ref14],[@ref15]^ However, at higher coverage (above 0.2 ML), we observe that molecular adsorbates can coalesce into close-packed islands ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, larger scale STM images can be found in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b05322/suppl_file/nn5b05322_si_001.pdf)). High-resolution nc-AFM imaging ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) shows that F~4~TCNQ molecules within such islands are oriented in a planar rectangular geometry parallel to the underlying graphene (the molecular island unit cell is 1.25 ± 0.03 nm × 0.78 ± 0.03 nm). Molecular packing in the island is about 50 times denser than when the molecules are isolated at 0.1 ML coverage. Faint lines observed between adjacent molecules are likely caused by tilting of the CO molecule at the tip apex, as described in previous work.^[@ref24],[@ref25]^

![(a) STM and (b) nc-AFM images of an F~4~TCNQ 2D island on graphene/BN. The nc-AFM image resolves individual chemical bonds within the F~4~TCNQ molecules and shows that molecules within the island lie flat on the surface in a close-packed rectangular lattice. STM tunneling parameters are *V*~s~ = 2 V, *I*~t~ = 5 pA, and *T* = 4.5 K. AFM measurement parameters are *f*~0~ = 28.7 kHz, amplitude = 60 pm, *Q* = 10^5^, and *T* = 4.5 K.](nn-2015-053229_0003){#fig2}

We now discuss the mechanism for F~4~TCNQ island assembly in 2D. We first used density functional theory (DFT) to confirm the known 3D crystal structure of bulk F~4~TCNQ. Our calculation agrees well with the crystal structure determined previously using X-ray diffraction^[@ref26],[@ref27]^ and reveals a large binding energy between molecular units in the 3D bulk crystal (1.6 eV per molecule, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). A natural assumption would be that the same attraction mechanism that works for the bulk (driven by electrostatic and van der Waals interactions) is responsible for the formation of self-assembled 2D islands. To test this assumption, we used DFT to calculate the total energy of F~4~TCNQ molecules in the absence of a substrate constrained to the same 2D planar geometry that we observed in our nc-AFM images ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). Surprisingly, we found that the calculated interaction between molecules under these conditions is repulsive rather than cohesive. This can be seen in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b, which shows the total energy per molecule of a 2D island as a function of intermolecular distance. This curve exhibits a negative energy-*vs*-distance slope, thus implying that 2D island formation is energetically unfavorable for F~4~TCNQ under these conditions.

![Calculated total energy per F~4~TCNQ molecule as a function of the shortest distance between molecules for (a) a bulk molecular crystal, (b) an isolated, flat 2D molecular island having the same structure as in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, and (c) the same as (b) but with a graphene substrate.](nn-2015-053229_0004){#fig3}

This result indicates that the graphene substrate must play an important role in 2D island formation for F~4~TCNQ molecules. In order to understand the effect of the graphene substrate, we performed an *ab initio* DFT calculation of the total energy of a 2D F~4~TCNQ island supported by a single layer of graphene (*i*.*e*., homogeneous molecular coverage in a periodic array). Inclusion of graphene in the simulation results in partial electron transfer from the graphene to the F~4~TCNQ molecules. Each molecule in an island thus forms an electric dipole with the electron-depleted patch of graphene directly underneath the molecule (the dipole points down into the plane). The resulting dipole--dipole interactions between neighboring molecule--graphene complexes are repulsive and island formation becomes even less favorable than without graphene, as seen in the calculated energy-*vs*-distance curve of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c. Despite this repulsion, electron transfer from graphene into the molecules results in very strong binding of the molecules to the graphene (more than 1.8 eV per molecule, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c).

The calculations discussed so far were performed under fixed-electron-number conditions, a common constraint for DFT calculations. However, in a real molecular island surrounded by pristine graphene, the total number of electrons per molecule is not necessarily constant since island formation creates work function heterogeneity and leads to lateral transfer of screening charge (*i*.*e*., electrons flow from low work function areas to regions having higher work function^[@ref28]−[@ref30]^). As a result, the real experimental system is better described within a fixed-electrochemical-potential picture. Here the electrically grounded graphene sheet surrounding the island acts as an electron reservoir at fixed electrochemical potential.

While *ab initio* techniques cannot directly treat this case of a large island surrounded by pristine graphene (as pictured in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a), they can be used to treat homogeneous systems having different overall electron density and work functions. We can thus model the real heterogeneous (*i*.*e*., not periodic) system by comparing different homogeneous (*i*.*e*., periodic) systems with varying work functions. We applied this technique by simulating homogeneous systems where graphene was subjected to different molecular coverages and where the overall charge carrier density was varied by hand (each individual calculation had a fixed number of electrons). This provides a method for taking into account the fact that (since F~4~TCNQ molecules p-dope graphene) the local work function increases as islands assemble, thus causing electrons to flow into an island as molecules are packed more densely (in order to keep the electrochemical potential constant).

To illustrate this technique, we performed two separate DFT calculations of the work function above F~4~TCNQ molecules on graphene as a function of intermolecular separation (shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a), each with a different number of charge carriers. In the first calculation (black curve) each molecule--graphene complex is charge neutral. In the second calculation (red curve) each complex has an excess of electrons that are allowed to redistribute within the entire molecule--graphene assembly until reaching the ground state (one extra electron per each 36 carbon atoms in graphene, roughly one extra electron per molecule at full coverage). Here the vacuum energy above the island is set to zero, and so the work function is equivalent to the negative of the electrochemical potential. As expected, the work function above an island strongly increases for both the neutral and charged cases as the molecules are brought closer to each other (a similar dependence has been found earlier and was assigned to depolarization effects^[@ref31],[@ref32]^). The work function in the charged case is overall lower compared to the neutral case, reflecting the increase in electrochemical potential that occurs as carrier density of the molecule--graphene complex is increased.

![(a) Calculated work function relative to the vacuum level above an F~4~TCNQ molecular assembly on graphene as a function of the shortest distance between molecules for both the neutral case (black line) and the electron-doped case (red line). (b) Calculated total energy per F~4~TCNQ molecule on graphene as a function of the shortest distance between molecules for both the neutral case (black line) and the electron-doped case (red line). Green line shows hypothetical constant electrochemical potential (see text).](nn-2015-053229_0005){#fig4}

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b shows the calculated total energy of the F~4~TCNQ molecules *vs* molecule--molecule separation for the same neutral and doped systems. The neutral case is identical to what is shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c and results in overall binding of the molecules to graphene (negative energy) but an increasing energy with increased molecular density. For the doped case we see similar behavior, except that there is a net decrease in the total energy, reflecting the increased binding energy of the molecule--graphene complex as electrons are added to the system.

The origin of the attractive force driving island assembly of charged molecules on isolated graphene can be deduced from the curves shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. To see this, it is useful to imagine F~4~TCNQ molecules on a graphene surface with a particular fixed hypothetical electrochemical potential, as indicated by the green line (the island formation mechanism is not sensitive to the precise value of the electrochemical potential). To achieve this particular electrochemical potential at a large intermolecular distance as indicated by point B in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, the island has to be charge neutral since the green line crosses the neutral-island configuration (black line) at B. However, at a shorter intermolecular distance (point A) the island has to absorb excess electrons from the reservoir and becomes charged (red line) in order to achieve the same electrochemical potential as at B (as required by thermodynamic equilibrium). Since the total energy of a molecule--graphene complex is lower at the corresponding charge state and distance of A than at B ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b), we conclude that within a fixed electrochemical potential picture it is energetically favorable for the molecules to be closer to each other and to form a stable island (this can also be seen from the positive energy-*vs*-distance slope of the line connecting point A to point B in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b).

The island cohesion mechanism demonstrated in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} for fixed electrochemical potential can intuitively be understood as follows: as negatively charged molecules coalesce into an island, there is an increase in the local work function above the island ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a) that causes additional electrons to flow into the island. These additional electrons cause the total energy of the molecule--graphene complexes to decrease ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b), resulting in island cohesion. This mechanism is not applicable to adsorbates on highly metallic substrates because of the high density of states in these substrates compared to graphene. In these systems electric fields induced by charge transfer are screened, and charge transfer induced by work function differences does not lead to reduced total energy. This explains why close-packed island formation has not been seen for F~4~TCNQ molecules adsorbed onto graphene/Ru(0001).^[@ref14]^

Conclusions {#sec3}
===========

In conclusion, we find that F~4~TCNQ molecules aggregate into close-packed islands on graphene/insulator, unlike their behavior on graphene/metal. This behavior is explained by a new type of island formation mechanism driven by lateral charge screening induced by long-range Coulomb interactions. We expect this island formation mechanism to apply to other molecular adsorbate systems that exhibit charge transfer in poorly screened environments. For such systems the work function above deposited molecules will strongly vary with intermolecular distance, causing additional charge transfer and increased binding as island density increases.

Methods {#sec4}
=======

The graphene/BN sample was fabricated using a graphene monolayer grown *via* CVD on copper foil.^[@ref33]^ Hexagonal boron nitride flakes were exfoliated onto heavily doped silicon wafers covered by a 285 nm thermal oxide, and graphene was transferred on top of the BN using a poly(methyl methacrylate) (PMMA) stamp.^[@ref34]^ Electrical contact was made to the graphene by depositing Ti (10 nm thick)/Au (30 nm thick) electrodes using a stencil mask technique. F~4~TCNQ molecules were evaporated from a Knudsen cell held at 90 ± 5 °C onto a graphene/BN surface held at room temperature (island formation was facilitated by predeposition of a very dilute, inert seed layer to act as surface nucleation points, *e*.*g*., *via* low coverage of 10,12-pentacosadiynoic acid (PCDA)). STM/nc-AFM imaging was done in a qPlus-equipped commercial Omicron LT-STM/AFM at *T* = 4.5 K using tungsten tips. WSxM software was used to process all STM and nc-AFM images.^[@ref35]^

We performed first-principles density functional theory calculations using a Quantum-ESPRESSO package.^[@ref36]^ All calculations used the PBE exchange--correlation functional with a van der Waals correction (vdW-DF2^[@ref37]^). We used ultrasoft pseudopotentials from the GBRV database^[@ref38]^ with 40 and 200 Ry kinetic energy cutoffs for wave function and charge density, and our Brillouin zone sampling is equivalent to 24 × 24 points in the graphene primitive unit cell. Electron doping was achieved in the simulations by creating carbon pseudopotentials with a noninteger core charge to compensate for an energy divergence in the case of an infinite island.
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